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Abstract
Directed cell migration is a physical process that requires dramatic
changes in cell shape and adhesion to the extracellular matrix. For effi-
cient movement, these processes must be spatiotemporally coordinated.
To a large degree, the morphological changes and physical forces that
occur during migration are generated by a dynamic filamentous actin
(F-actin) cytoskeleton. Adhesion is regulated by dynamic assemblies
of structural and signaling proteins that couple the F-actin cytoskele-
ton to the extracellular matrix. Here, we review current knowledge of
the dynamic organization of the F-actin cytoskeleton in cell migration
and the regulation of focal adhesion assembly and disassembly with
an emphasis on how mechanical and biochemical signaling between
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INTRODUCTION
Cell migration plays a crucial role in many
aspects of healthy physiology, and its misreg-
ulation can lead to a variety of pathologies.
During embryonic development, the migration
of cells drives changes in tissue shape during
gastrulation, and neuronal development re-
quires the migration of neural crest cells (Keller
2005, Klambt 2009, Locascio & Nieto 2001).
Both immune response and wound healing
require directed cell migration in response to
chemical and mechanical gradients (David et al.
2007). Such directed cell migration is misregu-
lated in many diseases, including inflammatory
and vascular diseases, and contributes to cancer
metastasis (Yamaguchi et al. 2005).
Cell migration requires highly coordinated
changes in cell morphology and interactions
with the extracellular matrix (ECM). Although
complex, this process can be broken down into
four discrete steps: protrusion of the leading
cell edge, adhesion to the ECM, generation of
traction stresses against adhesions, and finally,
release of rear adhesions and cell body contrac-
tion (Lauffenburger & Horwitz 1996). For ef-
ficient cell movement, these processes must be
tightly coordinated. In highly motile cells, the
rate of movement of the cell body is nearly the
same as the rate of protrusion, whereas in slowly
moving cells, the release of rear adhesions
dominates the rate of cell body advance. The
migration rate of many cell types is optimized
at intermediate levels of adhesion, and modu-
lating the density or mechanical compliance of
the ECM alters migration speed in a biphasic
fashion (Gaudet et al. 2003, Lo et al. 2000,
Palecek et al. 1997, Pelham & Wang 1997,
Peyton & Putnam 2005). Perturbations to
the level of intracellular contractility alter
the amount of adhesion required for optimal
migration (Gupton & Waterman-Storer 2006)
and indicate a feedback between cellular
adhesion and traction.
The morphological and physical behaviors
of migrating cells are largely driven by a dy-
namic filamentous actin (F-actin) cytoskeleton,
which is coupled to the ECM via dynamic
assemblies of structural and signaling proteins
known as focal adhesions (FAs). The spatiotem-
poral regulation of these physical structures is
driven by a variety of signaling molecules and
their downstream effectors; the most promi-
nent of these are the Rho family GTPases (see
Raftopoulou & Hall 2004 for a review). The
GTPase activity of Rac and Cdc42 largely reg-
ulates the assembly of protrusive actin-based
organelles and promotes the formation of
small adhesions near the cell periphery (Nobes
& Hall 1995, Nobes et al. 1995). Likewise,
the activity of Rho promotes the assembly of
contractile actomyosin structures (Nobes &
Hall 1995, Ridley & Hall 1992) that play a
central role in cellular traction and tension-
mediated changes in FA composition and
morphology.
In addition to the Rho GTPases, it is now
clear that numerous mechanical and biochem-
ical cues mediate the interplay between the
F-actin cytoskeleton and integrin-mediated ad-
hesion to regulate the coordination of cell pro-
trusion, adhesion, and contraction. Here, we re-
view current understanding of how the dynamic
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actomyosin cytoskeleton is coordinated with
FA dynamics to support directed cell migration.
ACTIN DYNAMICS IN
MIGRATING CELLS
The F-actin cytoskeleton in migrating mes-
enchymal cells forms two distinct functional
modules that mediate the protrusive and con-
tractile steps in the migration cycle (Figure 1)
(Gupton et al. 2005, Ponti et al. 2004, Salmon
et al. 2002). The protrusive module may consist
of either a lamellipodial F-actin network or
filopodial F-actin bundles at the leading cell
edge (Faix & Rottner 2006, Gupton & Gertler
















Organization of the actomyosin cytoskeleton and adhesions in the leading edge of a migrating human
osteosarcoma (U2OS) cell shown via double indirect immunolabeling of paxillin (red ) and myosin light chain
(MLC, blue) as well as fluorescent phalloidin staining of actin filaments ( green). In each image the boxed area
is shown magnified in the inset. (Upper left) The yellow dashed line highlights the lamellipodium-lamella
border, and the asterisk highlights a junction between a dorsal stress fiber (DSF) and a transverse dorsal arc
(TDA). NCA, network-contraction array; NA, nascent adhesion; FC, focal complex; FA, focal adhesion;
MR, myosin II ribbon. In the merged image (lower right), the distal and proximal directions are highlighted.
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module, also known as the lamella, consists of a
variety of F-actin–myosin II structures behind
the leading edge in the cell body (Abercrombie
et al. 1971, Cramer et al. 1997, Heath &
Holifield 1993, Ponti et al. 2004). Within these
two modules, actin filaments exhibit specific
patterns of assembly-disassembly and translo-
cation dynamics that are dictated by the differ-
ential distribution and activities of actin regula-
tory proteins (DesMarais et al. 2002, Ponti et al.
2004). These patterns are crucial to the ability
of these modules to generate the directional
forces that drive whole-cell movement.
Cell protrusion is driven by a thin, broad and
flat lamellipodium and/or by thin cylindrical
filopodia. The lamellipodium, which extends
∼2–4 μm away from the cell leading edge,
forms by the rapid polymerization of a cross-
linked, dendritic F-actin array that is mediated
primarily by the Arp2/3 complex and cofilin
(Anaout 2002, Bailly et al. 1999, Ichetovkin
et al. 2002, Pollard & Borisy 2003, Small 1988).
This produces a gel-like F-actin network along
the leading edge that is mostly free of micro-
tubules, intermediate filaments, and membra-
nous organelles (Abercrombie et al. 1971). The
addition of actin monomers onto the barbed
ends of lamellipodial actin filaments, which
face the leading edge (Okabe & Hirokawa
1991, Symons & Mitchison 1991, Wang 1985),
generates a pushing force, likely by a tethered
Brownian ratchet mechanism (Alberts & Odell
2004, Mogilner & Oster 1996), that drives the
leading edge membrane forward but also pushes
the network backward, away from the cell edge,
in a process termed retrograde F-actin flow
(Forscher & Smith 1988, Heath 1983, Holifield
et al. 1990, Lin & Forscher 1995, Pollard &
Borisy 2003, Ponti et al. 2004). During ret-
rograde flow, capping protein caps the barbed
ends of F-actin, which are then severed and de-
polymerized primarily by the action of cofilin
family proteins (Iwasa & Mullins 2007, Miyoshi
et al. 2006) such that at the base of the lamel-
lipodium, >90% of the filaments assembled
at the leading edge are depolymerized (Ponti
et al. 2004, Watanabe & Mitchison 2002). This
polarized assembly at the leading cell edge
coupled with proximal disassembly results in a
treadmilling lamellipodial F-actin array.
Likewise, filopodia are treadmilling F-actin
bundles formed by the directed assembly of
fascin-mediated F-actin bundles at the leading
edge (Abercrombie et al. 1971, Mallavarapu &
Mitchison 1999). The molecular mechanisms
mediating filopodial actin filament assembly
likely involve mDia/formin and/or vasodilator-
stimulated phosphoprotein (VASP) family pro-
teins but are currently quite controversial (Faix
& Rottner 2006, Gupton & Gertler 2007,
Svitkina et al. 2003). The disassembly of filopo-
dial bundles is not heavily studied, but may
involve myosin II–mediated bundle breakage
(Medeiros et al. 2006) or may be incomplete,
such that filopodial filaments contribute to
the formation of contractile structures in the
lamella (Anderson et al. 2008, Hotulainen &
Lappalainen 2006).
Independent of the mechanisms of F-actin
assembly and disassembly, protrusive lamel-
lipodial and filopodial structures exhibit similar
F-actin dynamics featuring barbed-end fila-
ment polymerization at the plasma membrane,
polymerization-driven retrograde filament
flow, and proximal filament depolymerization
to produce treadmilling F-actin structures
at the cell edge. Importantly, in both cases
leading edge protrusion results when filament
assembly outpaces retrograde flow (Giannone
et al. 2007, Lin & Forscher 1995, Machacek
& Danuser 2006, Mallavarapu & Mitchison
1999, Ponti et al. 2004).
A few micrometers behind the leading edge,
F-actin in the contractile lamella contains
myosin II and tropomyosin as well as other
cytoskeletal elements and membranous or-
ganelles (Abercrombie et al. 1971, DesMarais
et al. 2002, Gupton et al. 2007, Ponti et al.
2004, Verkhovsky et al. 1995). Depending on
cell type, two different types of contractile
structures can dominate the contractile lamella:
contractile bundles or network-contraction
arrays. The three types of contractile bundles
are ventral and dorsal stress fibers, which are
prominent in most migrating mesenchymal
cells; transverse arcs (also called dorsal arcs),
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which are prominent in fibroblasts and os-
teosarcoma cells (Heath 1983, Hotulainen
& Lappalainen 2006); and graded polarity
bundles, which are prominent in primary chick
heart fibroblasts (Cramer et al. 1997). Network-
contraction arrays are prominent in fish kerato-
cytes, fibroblasts, and epithelial cells (Gupton
& Waterman-Storer 2006, Svitkina et al. 1997,
Verkhovsky et al. 1995). Stress fibers and trans-
verse arcs display a periodic α-actinin/myosin
II pattern interspersed by short (∼1–5 μm)
F-actin filaments of alternating polarity, remi-
niscent of sarcomeric structures in muscle cells
(Hotulainen & Lappalainen 2006, Sanger et al.
1983). These contractile bundles are differen-
tiated by their orientation to the leading cell
edge, with stress fibers aligned in the direction
of migration and transverse arcs oriented
perpendicularly (Heath 1983). Graded polarity
bundles are also aligned with the cell migration
axis, but they display nonperiodic α-actinin
and myosin II and are composed of longer
(10–15 μm), overlapping filaments whose
polarity gradually changes along the length
of the bundle (Cramer et al. 1997). Finally,
network-contraction arrays consist of clusters
or “ribbons” of bipolar myosin II minifilaments
embedded in a cross-linked F-actin network
that exhibit a density gradient from distal to
proximal lamella (Gupton & Waterman-Storer
2006; Svitkina et al. 1997; Verkhovsky et al.
1995, 1999). Network-contraction arrays are
located within the leading third of the cell and
may terminate in a transverse arc (Svitkina
et al. 1997, Verkhovsky et al. 1995).
The actin dynamics within the lamella
contractile structures are reflective of their
roles in cell motility. Transverse arcs, dorsal
stress fibers, graded polarity bundles, and
network-contraction arrays are all highly
dynamic structures associated with motile
cells. F-actin within these structures undergoes
myosin II–dependent retrograde flow that
is approximately tenfold slower than the
polymerization-dependent flow in the lamel-
lipodium (Hotulainen & Lappalainen 2006,
Ponti et al. 2004, Schaub et al. 2007). In dorsal
stress fibers, continuous formin-mediated
assembly of bundled filaments at FAs near the
cell edge is coupled to the contractile rearward
flow of the bundle (Hotulainen & Lappalainen
2006). In network-contraction arrays, filament
assembly occurs throughout the array, but dis-
assembly exhibits a gradient such that maximal
disassembly is concentrated in the proximal
lamella and dorsal arcs (Gupton & Waterman-
Storer 2006, Gupton et al. 2007, Vallotton et al.
2004). Thus, the network-contraction array,
dorsal stress fibers, and transverse arcs work to-
gether to form an integrated treadmilling con-
tractile lamella. This module is characterized
by F-actin assembly at the distal lamella edge
in FAs, myosin II–driven filament retrograde
flow, and filament disassembly within the con-
tractile transverse arcs in the proximal lamella.
By contrast, graded polarity bundles span
from the cell front to the rear and have distinct
F-actin dynamics. Graded polarity bundles
contain two dynamic populations of filaments:
one that stays stationary with respect to the sub-
strate, and one that moves forward via myosin II
activity (Cramer et al. 1997). This suggests that
myosin II–mediated contraction pulls antipar-
allel actin filament sets past each other, one set
anchored to the ECM and the other possibly
pulling the cell rear forward. Finally, ventral
stress fibers do not exhibit major remodeling
on a timescale relevant to cell migration but do
exhibit smaller-scale dynamics that are sugges-
tive of their sarcomeric organization: Distances
between α-actinin bands decrease under con-
ditions that allow or promote contraction
and increase under stretching or relaxation
conditions (Colombelli et al. 2009, Kumar
et al. 2006, Peterson et al. 2004). As such,
ventral stress fibers tend to be associated with
less motile cell types (Couchman & Rees 1979),
where they transmit cellular prestress to the
ECM to maintain tensional homeostasis with
the cellular environment (Kumar et al. 2006).
ADHESION DYNAMICS IN
MIGRATING CELLS
Cell migration requires a regulated, dynamic
adhesion assembly-disassembly cycle. For




































































































FAK, talin, zyxin, vinculin,
VASP, α5 integrin
ανβ3 integrin, dephospho-
paxillin, FAK, talin, vinculin, VASP,










Schematic diagram comparing the morphological phases of adhesion maturation (above, adhesion
represented by purple ovals; length scales indicated are focal adhesion lengths) with the compositional phases
of adhesion maturation (below, protein components listed) in response to increasing mechanical tension
( gray arrow). At each of these steps, adhesion turnover can occur (curved black arrows) after a certain amount
of time (timescale below each arrow). FAK, focal adhesion kinase; VASP, vasodilator-stimulated
phosphoprotein.
productive advance of the cell leading edge,
lamellipodial protrusion must be tightly spa-
tiotemporally coupled to adhesion. Conversely,
for productive advance of the cell body, con-
traction must be coupled to deadhesion. Ad-
hesion of a protruding cell edge is initiated by
nascent adhesions, smaller than the ∼0.25 μm
resolution of the light microscope, that as-
semble concurrent with lamellipodial protru-
sion (Choi et al. 2008). As the leading edge
advances, a subpopulation of nascent adhe-
sions disassembles within minutes (Choi et al.
2008), and the remainder grow and mature
into focal complexes (∼0.5 μm) and then FAs
(1–5 μm) (Figure 2). FAs then either disassem-
ble within the cell body within 10–20 minutes
(Gupton & Waterman-Storer 2006, Laukaitis
et al. 2001, Webb et al. 2004, Zaidel-Bar et al.
2003) or mature further into stable fibrillar ad-
hesions that do not promote migration but are
involved in ECM remodeling (Laukaitis et al.
2001, Webb et al. 2004, Zaidel-Bar et al. 2003).
Thus, the maturation and turnover of adhe-
sions have been described as a morphologi-
cal cycle that involves protein recruitment and
elongation followed by protein dissociation and
shrinkage.
In conjunction with the morphological
change during adhesion maturation, a less well-
defined process occurs that is thought to involve
a sequential cascade of compositional changes
(Figure 2; Zaidel-Bar et al. 2004, Zamir &
Geiger 2001). The formation of integrin mi-
croclusters of <10 molecules that diffuse in the
plasma membrane are believed to initiate FAs
(Wiseman et al. 2004). Enhanced affinity of in-
tegrin extracellular heads for the ECM, which
is known as activation, occurs through associa-
tion of their cytoplasmic tails with the vinculin-
and actin-binding protein talin (Tadokoro et al.
2003). Activated integrins may then either bind
to the ECM, which immobilizes them, or they
may associate with the dynamic actin at the
leading edge and, in doing so, move in a di-
rected fashion within the plasma membrane.
This is thought to contribute to a searching be-
havior for conducive binding sites in the ECM
(Galbraith et al. 2007) and to result in direct
coupling of actin-based protrusion and adhe-
sion (Schneider et al. 2009). Soon after integrin-
ECM engagement, an unknown mechanism
promotes recruitment of the adapter protein
paxillin to integrin clusters to form nascent
adhesions, which recruit more integrins and
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promote further integrin clustering (Laukaitis
et al. 2001, Webb et al. 2004, Wiseman et al.
2004). Nascent adhesion growth is accompa-
nied by recruitment of the actin-bundling pro-
tein, α-actinin (Choi et al. 2008), which with
talin may establish a link between ECM-bound
integrins and the actin cytoskeleton (Lee et al.
2004). These nascent adhesions undergo rapid
disassembly within the lamellipodium unless
they are stimulated to proceed through mat-
uration (Choi et al. 2008).
Mechanical tension stimulates the transition
of nascent adhesions to focal complexes and FAs
(Balaban et al. 2001, Chrzanowska-Wodnicka
& Burridge 1996). Either Rho-mediated
myosin II activity or external forces applied
to the cell can supply the tension driving FA
maturation (Choi et al. 2008, Chrzanowska-
Wodnicka & Burridge 1996, Galbraith
et al. 2002, Riveline et al. 2001, Vicente-
Manzanares et al. 2007). α-actinin-mediated
F-actin bundling in nascent adhesions, to-
gether with myosin II-mediated retrograde
actin flow, transmit pulling forces from the
lamella actin cytoskeleton to the integrin-ECM
linkage. This tension is thought to promote the
formation of small adhesion-associated acto-
myosin bundles where the cytoskeletal adapter
proteins vinculin and zyxin bind (Choi et al.
2008). Adhesion-associated actin bundles elon-
gate in a force- and mDia/formin-dependent
manner, and this is critical to the formation
of the lamella actomyosin network (Gupton
et al. 2007, Hotulainen & Lappalainen 2006,
Riveline et al. 2001). Thus, tension-mediated
adhesion maturation plays a central role in sup-
plying new actin filament growth for formation
of the contractile lamella, thus distinguishing
it from the lamellipodial protrusion machine
(Alexandrova et al. 2008, Shemesh et al.
2005).
In addition, tension on ECM-engaged
integrins promotes β1 integrin head binding
to synergy sites on fibronectin (Friedland et al.
2009). This secondary integrin-ECM binding
induces the presumed recruitment and docu-
mented phosphorylation and activation of focal
adhesion kinase (FAK), a nonreceptor protein
tyrosine kinase (Friedland et al. 2009, Shi &
Boettiger 2003). In addition to initiat-
ing integrin-mediated signaling, tyrosine
phosphorylation of focal complex proteins,
including paxillin and p130cas (Ballestrem et al.
2006), sets up scaffolds for phosphotyrosine-
binding SH-2 domain–containing proteins
whose binding further contributes to adhesion
growth. In addition, some studies show compo-
sitional differences between small and large FAs
(Laukaitis et al. 2001; Zaidel-Bar et al. 2003,
2007a; Zimerman et al. 2004), although the or-
der of protein addition and the requirement for
myosin II activity and/or tension in FA recruit-
ment is not known. A subset of mature adhe-
sions in the central part of the cell are then fur-
ther matured into long, thin fibrillar adhesions
owing to the dephosphorylation of paxillin on
tyrosines 31 and 118, which promotes adhesion
stability and recruitment of tensin (Volberg
et al. 2001, Zaidel-Bar et al. 2007b, Zamir et al.
1999).
How does tension on nascent adhesions
promote their growth? At the level of protein
structure, directional forces on FA proteins are
thought to drive localized unfolding or confor-
mational changes that unmask protein binding
sites (Vogel & Sheetz 2006). The binding of
new proteins to unmasked sites results in FA
growth and reinforces the linkage between
the ECM and cytoskeleton. Studies examining
global differences in the cysteine reactivity of
proteins in contracted and relaxed cells indicate
that many proteins alter their conformation in
response to mechanical stimulation ( Johnson
et al. 2007). How this affects the structure and
function of a single protein has just begun to
be explored. For example, molecular dynamics
simulations support the notion that directional
force on integrin cytoplasmic tails induces sepa-
ration of the α and β subunits (Zhu et al. 2008),
which could promote activation and allow bind-
ing of cytoplasmic proteins. In addition, in vitro
experimental evidence suggests that forced un-
folding of talin promotes vinculin binding (del
Rio et al. 2009), whereas stretching p130cas
unmasks a tyrosine substrate for Src family
kinases (Sawada et al. 2006). However, whether
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these specific mechanisms operate in cells is not
known.
FA disassembly or “turnover” is of central
importance to cell migration and thus has been
a subject of intense study. Turnover is likely the
default pathway for nascent adhesions if they
are not stimulated to mature by sufficient ten-
sion. Once tension-stimulated, however, signal
transduction largely governs the decision of fo-
cal complexes/adhesions to mature further or
turn over. These pathways are thought some-
how to reduce adhesion strength below the level
of contractile force applied to the FA, caus-
ing the adhesion to disengage from the ECM,
slide, and disassemble (Goldyn et al. 2009,
Wehrle-Haller & Imhof 2003).
FAK (and its homolog Pyk2) is a master reg-
ulator of adhesion turnover. Cells lacking FAK
(and Pyk2) possess large, stable peripheral ad-
hesions and exhibit tail retraction defects dur-
ing migration. How FAK promotes adhesion
disassembly is debatable. One possibility is that
it reverses pathways of FA growth, i.e., by local
downregulation of myosin II tension. For ex-
ample, FAK-mediated phosphorylation and ac-
tivation of p190RhoGAP may decrease Rho and
Rho kinase (ROCK)-mediated myosin II activ-
ity (Arthur & Burridge 2001, Holinstat et al.
2006, Schober et al. 2007). Alternatively, FAK
may promote adhesion turnover by upregula-
tion of Rac1 activity at adhesions, which by
its Rho antagonism (Arthur & Burridge 2001,
Sander et al. 1999) may block tension-mediated
FA maturation. The FAK-mediated phospho-
rylation of paxillin kinase linker (PKL)/GIT1
promotes formation of a Rac-activating com-
plex of PKL/Git1, the Rac1 guanine-nucleotide
exchange factor (GEF) βPix, and the Rac ef-
fector Pak to form a PKL/Pix/Pak complex
that is targeted to forming adhesions through
their interaction with paxillin (Brown et al.
2005, Nayal et al. 2006, Schober et al. 2007).
In addition, tyrosine-phosphorylated p130cas
and paxillin bind the adapter Crk, which in
turn recruits the Rac GEF DOCK180 to pro-
mote Rac activation (Brugnera et al. 2002,
Cote & Vuori 2002). Finally, some evidence
suggests that FAK regulates the dynamin-
mediated endocytosis of integrins (Ezratty et al.
2005).
Whereas tyrosine kinase activity promotes
adhesion disassembly and turnover, tyrosine
phosphatases such as Shp-2 and RPTPα are
thought to be critical for inhibiting turnover
and driving adhesion maturation, although they
are less well studied than the kinases (Bur-
ridge et al. 2006; von Wichert et al. 2003a,b;
Zaidel-Bar et al. 2007b). Alternative mecha-
nisms for adhesion disassembly include calpain-
mediated proteolysis of talin (Franco et al.
2004) and microtubule-mediated adhesion re-




FOCAL ADHESIONS AS A
MECHANICAL CLUTCH
What is the purpose of the retrograde actin
flow dynamics that diminish the protrusive
capability of newly polymerized actin at the
leading edge? A leading hypothesis is that me-
chanical coupling of retrograde actin motion
inside the cell through FAs to the ECM could
immobilize the filament meshwork relative to
the ECM for two possible outcomes (Figure 3):
(a) transmission of filament polymerization
at the leading edge (blue monomers in
Figure 3a) into a protrusion of the plasma
membrane (Figure 3c) or (b) transmission of
myosin-driven pulling forces (yellow myosin
in Figure 3c) into traction against the ECM
to pull the cell body forward (Harris 1973,
Jurado et al. 2005, Suter & Forscher 2000).
It is suggested that this coupling could be
locally variable and regulatable by a “molec-
ular clutch” to allow tunable transmission of
myosin- or polymerization-driven retrograde
flow into leading edge protrusion and/or trac-
tion (Mitchison & Kirschner 1988). Given a
constant rate of contraction and actin polymer-
ization, a high degree of engagement between
actin and the ECM would result in abrogation
of retrograde flow, high force generation, and
persistent leading edge protrusion (Figure 3c),


























































































Schematic diagram of the molecular clutch at the
leading edge of a migrating cell. (a) The blue spheres
are actin monomers assembling onto the barbed end
of the actin filament (arrow) at the leading edge;
dark brown bars are transmembrane integrins. (b) If
the clutch is disengaged, the newly assembled actin
(blue spheres), together with the action of myosin
motors ( yellow oval), drives the filament rearward,
away from the leading edge in retrograde flow. (c) If
the clutch is engaged, indirect interactions occur
between actin-binding focal adhesion molecules
(red ) and integrin-binding focal adhesion molecules
( green) to immobilize the filament. The forces of
myosin on actin thus are transmitted through the
focal adhesion into traction on the extracellular
matrix, and new actin polymerization drives the
leading edge forward in a protrusion.
whereas disengagement would correspond to
fast retrograde flow, low traction force, and no
net movement of the cell edge (Figure 3b).
One simple prediction of the molecu-
lar clutch model is that, in the presence of
uniform myosin II–driven contraction, the rate
of cell protrusion should be inversely correlated
with the retrograde flow rate. This has been
verified in several cell types including neuronal
growth cones (Lin & Forscher 1995), fibrob-
last filopodia (Mallavarapu & Mitchison 1999),
fish skin keratocytes ( Jurado et al. 2005), and
epithelial cells (Ponti et al. 2004). More gen-
erally, retrograde flow is rapid in stationary or
slowly moving cells (Henson et al. 1999, Lin
& Forscher 1995, Ponti et al. 2004, Salmon
et al. 2002, Wang 1985) and in the absence of
integrin-mediated adhesion (Alexandrova et al.
2008) but is minimal in rapidly moving kera-
tocytes (Theriot & Mitchison 1991). Indeed,
during FA assembly, decreases in F-actin retro-
grade flow speed and increases in traction stress
are observed (Alexandrova et al. 2008, Gardel
et al. 2008).
In many cell types, F-actin retrograde flow
is not completely abrogated at FAs (Hu et al.
2007, Jurado et al. 2005, Theriot & Mitchison
1992) but is still associated with large traction
stresses (Gardel et al. 2008). Imaging of protein
dynamics within FAs has further shown that
several actin-binding and FA proteins, includ-
ing α-actinin, zyxin, vinculin, and talin, also
move retrogradely with the actin to varying de-
grees (Brown et al. 2006, Guo & Wang 2007,
Hu et al. 2007). By contrast, other proteins in
FAs, such as integrin, paxillin, and FAK, are sta-
tionary with respect to the underlying substrate.
These data indicate that FAs act more like a
“slip clutch” such that the F-actin/FA/ECM in-
terface enables dynamic rearrangements while
still enabling force transmission and cell
protrusion.
How might molecules within a dynamic,
tunable molecular clutch be expected to be-
have? In a simplistic scenario, to disengage
actin from integrins bound to the ECM, we
would expect that certain critical FA molecules
might exhibit a regulated dissociation from the
actin filaments, core proteins, or the integrins.
Based on the current literature, talin and vin-
culin are the best molecular candidates for me-
diating a tunable force-transmitting structural
linkage from actin to the ECM (Calderwood
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& Ginsberg 2003, Critchley 2004, Jiang et al.
2003). Vinculin exhibits regulated binding to
talin and actin (Gilmore & Burridge 1996),
whereas talin can bind directly both to actin
(Kaufmann et al. 1991) and to the cytoplas-
mic tails of β integrins, which induces the high
affinity state of the integrin (Calderwood et al.
1999, Kaufmann et al. 1991). Thus, talin could
single-handedly mediate engagement of actin
to the ECM through integrins. Tension ap-
plied to talin molecules in vitro promotes the
binding of vinculin, suggesting that the inter-
action strength between the FA and F-actin may
strengthen under increased mechanical load by
promoting vinculin/talin/actin links (del Rio
et al. 2009). At FAs, vinculin and talin were
shown to be partially coupled to actin retro-
grade flow (Brown et al. 2006, Hu et al. 2007),
suggesting that by their dynamic association
to ECM-bound components or F-actin-bound
components, they modulate a dynamic link be-
tween F-actin and the ECM. Consistent with
this, cell lines that are depleted of both isoforms
of talin (talin1 and talin2) exhibit impaired
FA formation, rapid F-actin retrograde flow,
and impaired traction stresses (Zhang et al.
2008).
How F-actin dynamics build tension and
how ECM mechanics regulate the FA slip
clutch are largely unknown, but recent liter-
ature is beginning to elucidate some aspects.
The magnitude of the retrograde flow of FA
proteins, such as zyxin and VASP, depends on
external mechanical cues, which suggests that
retrograde flow and the slip clutch might be
used to maintain an internal tensional home-
ostasis (Guo & Wang 2007). Clearly, such a
tunable force-transmitting link between the cy-
toskeletons of cells and their extracellular envi-
ronments could be a general model that applies
not only to retrograde flow in cell migration
but to other mechanoactive cell functions. Re-
cent computational and experimental work has
shown that a dynamic slip clutch is a type of
mechanosensor in which different ECM me-
chanics lead to very different force and adhesive





The adhesion strength characterizes the mag-
nitude of force that can be sustained across a
FA before one or multiple binding interfaces
within the FA fail. Adhesion strength is mod-
ulated by numerous chemical, mechanical, and
structural processes that occur at the onset of in-
tegrin binding to the ECM and continue within
the FA plaque during assembly and maturation.
Many of these strengthening processes are ac-
celerated by the application of mechanical force
and are crucial for the ability of cells to sense
and respond to internal or external mechani-
cal forces (Bershadsky et al. 2003, Geiger et al.
2009).
The strength of integrin-ECM bonds is
strongly modulated by the type, density, and
organization of the bonds. For instance, ad-
hesive bonds formed with α5β1 integrins are
stronger than those formed with αvβ3 integrins
(Petrie et al. 2006). For any type of integrin-
ECM bond, the adhesion strength increases as
the density of ECM ligand increases (Gallant
et al. 2005, Palecek et al. 1997). This enhanced
adhesion strength is dependent on the ability
of integrin to “cluster” with close lateral spac-
ing on the order of 100 nm (Maheshwari et al.
2000, Selhuber-Unkel et al. 2008).
One means of force-mediated adhesion
strengthening at the level of individual
receptor-ligand bonds is for the bond lifetime
to increase under applied force, a phenomenon
known as catch bond behavior (Thomas 2008).
In the past several years catch bond behavior
has been observed for several different types
of receptor-ligand pairs involved in cell ad-
hesion. For bonds between α5β1 integrin and
its ECM ligand, fibronectin, the application of
forces up to tens of picoNewtons prolongs the
bond lifetime owing to force-induced changes
in the conformation of the integrin head that
are akin to activation (Kong et al. 2009). Applied
force also strengthens α5β1-fibronectin bonds
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by engaging a synergy site in fibronectin (Fried-
land et al. 2009). Thus, tension-dependent
changes in protein conformation are important
for enhanced strength of adhesive bonds under
applied force.
Force-accelerated strengthening of ad-
hesive interactions can also be mediated by
changes in bond composition or density.
Upon binding of αvβ3 integrin to fibronectin,
talin 1 mediates transient interactions with
the actin cytoskeleton (Giannone et al. 2003,
Jiang et al. 2003). Under sustained tension,
accumulation of vinculin correlates with a
strengthened connection with the contractile
actin cytoskeleton to build resistance to ex-
ternally applied forces (Galbraith et al. 2002).
Sustained force also initiates several signal
transduction cascades, including RPTPα,
Shp2, and FAK, that regulate FA assembly,
maturation, and turnover, which play critical
roles in the strengthening of adhesions in
response to external mechanical force (Michael
et al. 2009, Shi & Boettiger 2003, von Wichert
et al. 2003a, 2003b). Surprisingly, only a small
fraction (30%) of the total adhesive strength
relies on FA growth; the bond strength of the
integrin-ECM ligand accounts for nearly 70%
of the adhesion strength (Gallant et al. 2005).
Regulation of Cellular Traction Stress
FAs transmit forces generated within the actin
cytoskeleton to exert traction forces on the
ECM. Traction stresses are generally oriented
toward the cell body and in the direction of the
underlying actin dynamics (Dembo & Wang
1999, Gardel et al. 2008). A large percentage of
traction stresses require myosin II enzymatic
activity; however, the persistence of traction
stresses in the absence of myosin II activity indi-
cates a role for alternative mechanisms of intra-
cellular force generation including forces gen-
erated by F-actin network polymerization (Cai
et al. 2006, Gardel et al. 2008). Although some
degree of traction is required for cell migra-
tion, measured traction stresses vastly exceed
estimates for the amount of resistive drag im-
posed on a motile cell in a primarily viscous
environment (Mierke et al. 2008). These forces
may become increasingly important for migra-
tion in a physiological, three-dimensional vis-
coelastic environment.
The organization and magnitude of traction
forces exerted at cell-substrate adhesions are
highly dependent on migratory state, cell
morphology, and underlying actin dynam-
ics. Highly motile cells (e.g., keratocytes,
neutrophils, and Dictyostelium) typically exert
lower traction stresses than their slower-
moving counterparts (e.g., fibroblasts). The
organization of traction stresses in fast-moving
cells is coordinated with the direction of migra-
tion such that low traction stresses are exerted
within the lamellipodium at the cell front and
stronger contractile forces, often perpendicular
to the direction of migration, are exerted in
the rear (Lee et al. 1994, Oliver et al. 1999).
The rear myosin-based contractile stresses
are important for maintaining cell polarity
(Lombardi et al. 2007) and rapidly disrupting
rear adhesion (Burton et al. 1999). Pharma-
cological inhibition or genetic perturbation
of myosin II markedly reduces traction stress
(Beningo et al. 2006, Cai et al. 2006) and im-
pairs the persistence of directed migration (Lo
et al. 2004, Vicente-Manzanares et al. 2007).
In fibroblasts, large traction stresses are dis-
tributed around the cell periphery at discrete
foci associated with FA plaques (Beningo et al.
2001). In these cells, high traction exerted near
the periphery appears dominant and advances
the cell body by pulling (Munevar et al. 2001).
The myosin II isoform responsible for driv-
ing retrograde actin flow, nonmuscle myosin
IIA, is also required for nearly 60% of trac-
tion stress generation and production, whereas
traction only weakly requires the presence of
nonmuscle myosin IIB (Cai et al. 2006). The
regulation of myosin II activity that is respon-
sible for traction stress in both fibroblasts and
endothelial cells occurs predominantly through
the Rho-kinase pathway (Beningo et al. 2006,
Shiu et al. 2004). In migrating fibroblasts, the
highest force per unit area of adhesion is lo-
calized to small, nascent adhesions near the
advancing cell edge, whereas elongated FAs
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near the cell center or rear exert lower stresses
(Beningo et al. 2001). By contrast, in quiescent
fibroblasts, traction force is proportional to the
FA area (Balaban et al. 2001, Goffin et al. 2006,
Tan et al. 2003). Increases in both the density
and stiffness of ECM ligand enhance the total
amount of traction force generated by the cell
on its ECM (Gaudet et al. 2003, Rajagopalan
et al. 2004, Wang et al. 2002, Yeung et al. 2005),
which is consistent with FA mechanosensitiv-
ity mediating a mechanical feedback between




Feedback from mechanical and biochemical
signals within FAs and the F-actin cytoskeleton
coordinates the behaviors of the protrusive and
contractile modules by promoting and sustain-
ing the proper spatial and temporal control.
Because adhesion assembly and maturation
are regulated by numerous tension-dependent
processes, this feedback often involves orga-
nization of actin structures that can sustain
tension at focal complexes and adhesions. For
instance, the lamellipodial actin forms a tran-
sient link between the cell edge and contractile
actomyosin networks in more central cell re-
gions that, when connected, applies tension to
nascent adhesions and, when broken, allows for
leading edge protrusion (Giannone et al. 2007).
Lamellipodial activity is stimulated at dynamic
adhesions near the leading cell edge by PAK-
mediated changes in paxillin phosphorylation,
which recruits both a Rac GEF (PIX) and active
Rac effector (PAK) (Nayal et al. 2006) to locally
stimulate Rac-mediated actin polymerization
and adhesion formation (Machesky & Hall
1997) while reducing myosin activity through
PAK-mediated inhibition of myosin light chain
kinase (Sanders et al. 1999). Direct binding of
Arp2/3 to vinculin and FAK may also promote
localization of lamellipodial actin at leading
edge FAs (DeMali et al. 2002, Serrels et al.
2007). In the absence of RhoA/ROCK activity,
FA maturation is impaired, as evidenced by
reduced phosphorylation of FAK and paxillin
(Sinnett-Smith et al. 2001). Instead, integrin-
mediated adhesion is enhanced and is accom-
panied by enhanced phosphotyrosine signaling
through Pyk-2 and paxillin, as well as by uncon-
strained membrane protrusions (Worthylake
& Burridge 2003; for reviews see Le Clainche
& Carlier 2008, Vicente-Manzanares et al.
2009).
Tension-mediated signaling at adhesions
plays an important role in distinguishing
the protrusive lamellipodium from the con-
tractile lamellar actin (Alexandrova et al.
2008, Shemesh et al. 2005). Mechanical
stresses applied to FAs inhibit Rac activation
(Katsumi et al. 2002). Instead, mechanical
forces generated through ROCK-dependent
myosin contractility or application of external
force promote FA elongation and adhesion-
associated actin bundles in an mDia-dependent
manner (Gupton et al. 2007, Hotulainen
& Lappalainen 2006, Riveline et al. 2001).
ROCK-dependent inactivation of cofilin via
LIM-kinase likely mediates stabilization of
actin filaments within contractile F-actin
structures (Amano et al. 2001, Pritchard et al.
2004). The Rho/mDia pathway, in turn, likely
regulates FA turnover by localizing c-Src to
mature FAs (Yamana et al. 2006; for a review
see Huveneers & Danen 2009).
An understanding of the feedback between
the actin cytoskeleton and FAs provides
insight into how cells sense properties of
their ECM. As the mechanical stiffness and
density of ECM ligands increase, Rho activity
is enhanced (Huang & Ingber 2005), and more
pronounced contractile actomyosin bundles
associate with a higher density of stable FAs
(Gupton & Waterman-Storer 2006, Yeung
et al. 2005). At low levels of cell adhesion, the
separation between the protrusive lamellipodia
and the contractile lamella is poorly defined
(Alexandrova et al. 2008, Gupton & Waterman-
Storer 2006). By contrast, at the highest levels of
adhesion, retrograde flow in the lamellar region
is nearly fully inhibited and FAs are stabilized,
indicating that myosin II–mediated retrograde
flow can become stalled in the presence of
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stabilized adhesion. The cell migration rate is
optimized at intermediate adhesion levels,
which promote adhesion turnover and the
characteristic dynamics of the contractile acto-
myosin module (Gupton & Waterman-Storer
2006).
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